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showing great potential in a wide range of applications. [1] [2] [3] [4] [5] [6] [7] Given their metal-organic hybrid nature, MOFs have an exceptionally high degree of structural diversity and tailorability. 8 Thus, not only is the on-demand design of materials that incorporate pores of precise shapes and dimensions achievable, but also the inner surface of these materials becomes a platform for incorporating desirable functionality for target applications. 9, 10 Within the field of gas storage, there is a strong correlation between the material porosity and the maximum adsorption capacity. A common strategy to increase porosity in MOFs consists of targeting a framework topology and systematically elongating the linkers to generate additional pore space. This approach has shown success in a number of MOF systems, but is not without drawbacks. For example, increases in porosity typically correlate to increases in pore diameters, which can be detrimental to the strength of host-guest interactions at low surface coverage. 11 Also, often, simple ligand-elongation will ultimately lead to framework interpenetration with reduced porosity and/or stability. [12] [13] [14] Powerful driver therefore exists to find the ideal compromise between high porosity and strong host-guest interactions over a wide range of pressures.
The use of rigid, highly-connected linkers (e.g. with 6-8 coordinating functions) affords potentially a more robust and stable platform for the development of isoreticular porous materials.
This strategy has been widely implemented for {Cu} 2 paddlewheel systems with hexacarboxylate linkers of C 3 -symmetry to generate a family of rht-type MOFs with high and predictable porosity. [15] [16] [17] In contrast, effective modulation of porosity for isoreticular MOFs based upon 8-connected linkers has not been achieved to date, [18] [19] [20] [21] [22] [23] [24] [25] [26] thus representing a significant synthetic challenge. We report herein the first modulation of porosity in a series of isoreticular octacarboxylate MOFs. By varying the length and nature of the heteropolyaromatic cores of the linkers, we have selectively extended the length of metal-organic cages ongoing from MFM-180 to MFM-185 along one direction, effectively avoiding framework interpenetration. The resulting increase in porosity of the materials does not impair their stability towards activation, and the fixed diameter of the pores allows efficient packing of gas molecules across a wide range of pressures. The dynamics of molecular rotors (e.g., phenyl rings) within MOF materials is a key property to their functionalisation as they form part of the internal pore surface and are thus highly sensitive to the presence of guest molecules. [27] [28] [29] [30] [31] In this regard, the series of MOFs herein offer a unique platform to probe the influence of altering the ligand structure on the molecular dynamics and rotational freedom within the resultant framework. To the best of our knowledge, only a few attempts have been made to elucidate the rotational dynamics of linkers in porous MOFs [32] [33] [34] and none control them via linker design only. We report here the temperaturedependent 2 H NMR studies of selectively deuterated MFM-180-d 16 and MFM-181-d 16 to define the rotational and flipping modes of the phenyl groups within these structures in the solid state and the molecular factors that govern these dynamics.
RESULTS AND DISCUSSION
Design and synthesis of octa-connected ligands and isoreticular MOFs. The series of octaconnected linkers, ranging from 19 to 30 Å in dimension, are shown in Figure 1 and their syntheses are described in details in SI. H 8 L 0 , H 8 L 3 and H 8 L 5 were synthesized by direct Suzuki-Miyaura coupling of diethylisophthalate-5-boronic acid with the corresponding tetrahalides: 1,1,2,2-tetrakis(4bromophenyl)ethane, 2,3,7,8-tetrakis(4-bromophenyl)pyrazino[2,3-g]quinoxaline, and 2,3,9,10tetrakis(4-bromophenyl)- [1, 4] In previously reported examples of octacarboxylate MOFs with tbo or scu nets, [18] [19] [20] [21] [22] [23] [24] [25] [26] the linkers presented a central four-connected node with increasing distances between the central node and four isophthalate moieties. Although this strategy produced isoreticular MOF structures, no increase of porosity was observed, presumably because of flexibility issues and/or highly strained frameworks. As an alternative approach to simply extending the linker length along all directions, we sought to target the extension of specific dimensionalities and lengths to better control the porosity of resultant MOFs.
The distance l 1 (Figure 1) is crucial for the formation of the octahedral cages A because it codes for the overall structural assembly. In contrast, the distance l 2 defines the length of cages B and C, and thus we sought to design linkers in which l 1 remains constant but l 2 is augmented. For this purpose, we (Table S6 ).
The CO 2 adsorption isotherms were recorded at 298 K up to 20 bar for MFM-180a, -181a, -183a, and 185a ( Figure 3 ). The isosteric heats of CO 2 adsorption were estimated to be around 23 kJ mol -1 for all MOFs (Table S7) (Figure 4 and SI for full spectral data) show that the mobility of the phenyl groups for both materials evolves with temperature starting from a Pake-powder pattern with quadrupolar coupling parameters (Q 0 = 176 kHz, η = 0) typical for static phenyls C-D groups at low temperature (100 K). The evolution of the line shape with rising temperature depicts a re-orientation mechanism similar for both MOFs with three regimes. (i) From low temperatures (100 K) up to T 1 , the line shape evolves to a typical two-site exchange pattern. 37 (ii) Above T 1 , the line shape remains stable up to T 2 , and (iii) above T 2 it evolves to yield a narrowed uniaxial Pake-pattern (Q 1 = 21 kHz ~ Q 0 /8, η = 0), indicating that the phenyl fragments rotate homogeneously around the C 2 axis. Although the uniaxial ligand rotation in MOFs has been reported 35 , the complex dynamic behavior in MFM-180a-d 16 and MFM-181a-d 16 has not been observed previously.
The striking difference between MFM-180a-d 16 The line shape interpretation is based on the following general considerations. The position of mobile phenyl groups in the framework leaves freedom only for rotation or flipping about the C 2 axis and the angle between the rotation axis and the C-D bond is naturally fixed to be θ ph = 60° (Figure 5a) .
Therefore, the simplest model that can describe the line shape evolution is the four-site jump-exchange rotation for the torsional angle φ covering the whole 360° range (Figure 5b ). In such a scheme each of the two C-D bonds flips between two sites (φ 1 <> φ 2 and φ 3 <> φ 4 ) displaced by a jump angle Δφ 1 .
When the temperature conditions are met and the phenyl ring is able to overcome the second rotational barrier between the sites φ 1 <> φ 3 and φ 2 <> φ 4 each C-D bonds begins to perform the full 360 ○ rotation. In each pair only the highest barrier is relevant, and thus the motion can be described by the two independent rate constants k 1 and k 2 . This model is evidenced by its excellent fit of the experimental data for both samples (Figure 4) . The two-site exchange motion governing the line shape below T 2 allows the determination of the exact position for C-D bond sites. For MFM-180a-d 16 Interestingly while the flipping mode k 1 in both cases is characterized by a collision factor typical for flipping motion in MOFs ~ 10 11 Hz, 34 for k 2 it is ~ 3 orders of magnitude smaller at ~ 10 8 Hz, which reflects the strong influence of the steric restrictions on the axial rotation of the phenyl groups in these linkers. This 2 H NMR study has revealed that the complex dynamic behavior of the molecular rotors in MOFs in solid state can be elucidated and thus controlled by establishing a strong correlation between the ligand design and the rotational dynamics, the latter of which is a key property of MOF functionalities.
CONCLUSION
The first series of isoreticular MOF materials based on a family of octacarboxylate linkers has been developed. The rigid, heteropolyaromatic linkers were designed to self-assemble with [Cu 2 (O 2 CR) 4 ] paddlewheels to afford frameworks with elongated nano-tubular cages of fixed diameter. The isoreticular design results in systematically increased pore volumes and surface areas for the MOFs.
Notably, in the case of CH 4 adsorption, extension of the linker causes no uptake loss in the low pressure region, and both gravimetric and volumetric uptakes are simultaneously enhanced at high pressure. This affords an impressive CH 4 "working capacity" of 0.24 g g -1 and 163 v/v (298 K, 5-65 bar) for activated MFM-185a. We attribute this behaviour to the efficient packing of gas molecules in the tubular pores and the high connectivity (and thus suitably high crystal density) of the framework.
In addition, for the first time, a rational synthetic design has allowed control of the torsional dynamics of linkers in MOF solids. The high predictability of the linker/metal self-assembly combined with their pore shape make this series of MOFs a unique platform for exploring further the tuning of porosity, decoration of pores, and development and control of new molecular rotors in functional MOFs.
pressure plus laboratory bottle (cat. n° 1092234). The solution was heated at 80 °C in an oven for 16 h, and a large amount of crystalline product precipitated. The crystal plates of the correspondind MOF were isolated by filtration while the mother liquor was still warm.
Due to the poor solubility of H 8 L 5 , MFM-185 was synthesized following slightly different conditions, see SI.
Detailed synthesis procedures and characterizations of the linkers and MOFs, along with crystallographic data and description of gas sorption and solid state 2 H NMR experiments can be found in supporting information.
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Supplementary information is available in the online version of the paper. Scheme of rotation sites for phenyl groups in MFM-180a-d 16 and MFM-181a-d 16 . The reorientation scheme comprises a four site exchange motion with two different rate constants: k 1 (Δφ 1 ) and k 2 (Δφ 2 ).
The green arrow represents the barrier associated with k 1 , the blue arrow represents the barrier associated with k 2 , and the red arrows are associated with barriers in the Δφ 1 and Δφ 2 regions associated with minor steric restrictions. c) and d) Scheme of interaction sites that might influence the rotational potential for phenyl groups in MFM-180a-d 16 and MFM-181a-d 16 , respectively. Parameter d 2 is the shortest achievable distance for the electrostatic interaction between the phenyl hydrogens and is similar in both materials. 
